BACKGROUND: Attributing causes of postoperative mortality is challenging, as death may be multifactorial. A better understanding of complications that occur in patients who die is important, as it allows clinicians to focus on the most impactful complications. We sought to determine the postoperative complications with the strongest independent association with 30-day mortality. METHODS: Data were obtained from the 2012-2013 National Surgical Quality Improvement Program Participant Use Data Files. All inpatient or admit day of surgery cases were eligible for inclusion in this study. A multivariable least absolute shrinkage and selection operator regression analysis was used to adjust for patient pre-and intraoperative risk factors for mortality. Attributable mortality was calculated using the population attributable fraction method: the ratio between the odds ratio for mortality and a given complication in the population. Patients were separated into 10 age groups to facilitate analysis of age-related differences in mortality. RESULTS: A total of 1,195,825 patients were analyzed, and 9255 deceased within 30 days (0.77%). A complication independently associated with attributable mortality was found in 1887 cases (20%). The most common causes of attributable mortality (attributable deaths per million patients) were bleeding (n = 368), respiratory failure (n = 358), septic shock (n = 170), and renal failure (n = 88). Some complications, such as urinary tract infection and pneumonia, were associated with attributable mortality only in older patients. DISCUSSION: Additional resources should be focused on complications associated with the largest attributable mortality, such as respiratory failure and infections. This is particularly important for complications disproportionately impacting younger patients, given their longer life expectancy. (Anesth Analg 2018;127:55-62) injury, and thromboembolism. Determining the chronology of these events may be difficult, particularly in a retrospective fashion. Some patients have >1 complication, and the risk of death is increased with the number of complications. Patients who have complications are also more likely to have preoperative comorbidities.
Attributing causes of postoperative mortality may be difficult, as the death may be related to complications, comorbidities, or their combinations and may involve pathology in numerous organ systems. Furthermore, mortality may be related to both the occurrence of a postoperative complication and the effectiveness of the therapy used to address the complication, "failure to rescue." [7] [8] [9] [10] [11] Attributable mortality, the mortality that would be prevented if that complication had not occurred, is used by epidemiologists to estimate the public health impact of a wide variety of diseases and complications and provides a statistically validated method of estimating the number of deaths that can be attributed to each comorbidity or complication, adjusting for all the others. [12] [13] [14] [15] [16] It is defined as the ratio of the odds ratio increase of mortality and a given complication. Attributable mortality estimates may further be used to estimate years of potential life lost due to a disease or complication, allowing clinicians to better understand which complications should be identified as targets for intervention and allocation of resources.
We used a large, heterogeneous dataset of surgical cases to determine the attributable mortality of 21 common postoperative complications. We hypothesized that the attributable mortality of postoperative complications varies in a postoperative population by complication and age groups.
METHODS
As the study utilized publicly available, deidentified data, it was conducted under the Federal Policy for the Protection of Human Subjects or the "Common Rule" and HHS regulations 45 CFR part 46 and did not require Institutional Review Board approval. It was deemed "not regulated" by the University of Michigan Institutional Review Board, and a waiver of informed consent was granted (HUM00091751).
Data were obtained from the 2012-2013 American College of Surgeons National Surgical Quality Improvement Program (ACS-NSQIP) participant use data file. The ACS-NSQIP methodology has been described in detail elsewhere. 17, 18 Briefly, the first 40 surgical procedures at a participating institution are sampled every 8-day cycle. High-volume procedures are limited to avoid oversampling common procedures. A trained reviewer at each site collects data on all sampled patients and is responsible for documentation of postoperative complications (Supplemental Digital Content, Appendix 1, http://links.lww.com/AA/ C209). Participants are followed for a 30-day period postoperatively. The ACS-NSQIP and participating hospitals are the source of the data used herein; they have not verified and are not responsible for the statistical validity of the data analysis or the conclusions derived by the authors.
Statistical Analysis
All surgery cases present in the 2012-2013 ACS-NSQIP participant use data file were eligible for inclusion in this study (https://www.facs.org/~/media/files/quality%20pro-grams/nsqip/ug12.ashx). A complete data dictionary can be found at this link. There were no exclusion criteria. Because the risks of developing a complication and subsequently dying from that complication may vary by age, we chose to stratify our population into commonly used age ranges: <31, 31-40, 41-50, 51-55, 56-60, 61-65, 66-70, 71-75, 76-80, and >80 years. A multivariable, least absolute shrinkage and selection operator regression analysis was conducted to determine the independent variables associated with mortality. This regression was used to adjust for patient pre-and intraoperative risk factors that might be associated with mortality but also for multiple complications that each patient could develop. After variable selection by least absolute shrinkage and selection operator, the selected variables were then reentered in a logistic regression to calculate the odds ratios and confidence intervals. We used 20 of 21 complications that NSQIP identifies and records (Supplemental Digital Content, Appendix 1, http://links.lww.com/AA/C209). We prospectively excluded cardiac arrest as a possible predictor of mortality as it preceded most instances of mortality, as defined by NSQIP. We used the Tripod statement (www.tripod-statement.org) for guidance in describing and presenting our models.
Attributable mortality was calculated using the population attributable fraction method: attributable mortality = number of complications × ((P(D|C+) − P(D|C−)), where P(D|C+) is the probability of death given a complication and P(D|C+) is the probability of death without a complication. 12, 19, 20 For example, if 110 of 1000 patients die, 150 patients have complication X, and the adjusted odds ratio of dying associated with X is 1.8, then we can calculate as 85 of 850 patients without X die and 25 of 150 with X die, so the odds of dying without X is 9:1 [P(D|C−) is 10% or (0.10)] and with X the odds are 5:1 (odds ratio = 1. These data were then combined with actuarial mortality data from the 2011 United States Life Tables, published by the Division of Vital Statistics. 21 The 2011 tables were the most recent available at the time the study was conducted. In these tables, age is listed as an ordinal category. The life expectancy for an age group was defined as the average life expectancy ("expectation of life at age") for the median age of that group and calculated separately for each sex. This life expectancy was used in calculating years of life lost attributable to complications.
For a power analysis, we assumed that mortality was 1% in patients without complications and 1.98% in patients with complications. To detect an odds ratio = 2 with 90% power and an α = .05, it would require 64,000 patients. 22 All data processing and statistical analyses were completed using SPSS Version 22 (IBM, Chicago, IL) and R 3.2.2 for Windows (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
A total of 1,195,825 patients underwent analysis. A majority of the patients were women (n = 686,812; 57%) and Caucasian (n = 887,869; 74%). The most common comorbidities were hypertension (n = 548,332; 46%) and diabetes mellitus (n = 113,885; 16%; Table 1 ). Mortality occurred within 30 days of surgery in 9255 patients (0.77%). The overall mortality rate was higher for men (n = 4863; 0.96%) than for women (n = 4392; 0.64%; P < .001). Emergency cases, comprising 9.9% of the population (n = 118,709), had nearly a 10-fold higher risk (4.2% vs 0.40%) of death compared to nonemergency cases (P < .001). Similarly, patients with comorbidities had an increased risk of perioperative mortality (Table 1) . Mortality rate increased with increasing age, rising from 0.09% in patients <31 years of age to 2.70% in patients >80 years of age (Table 2) .
After adjustment for comorbidities (Table 1) , sex, race, types of surgery, and emergency status, 20% of deaths (n = 1887) were attributed to a postoperative complication (Figure 1) , with the 3 most common being bleeding (n = 441; 4.8%), unplanned intubation (n = 430; 4.6%), and septic shock (n = 204; 2.2%; Table 3 ). While complications were frequently present in the remaining patients who died (n = 7735; 83.6%), their mortality was attributed to other factors, such as comorbidities or type of surgery. Some complications, such as unplanned intubation, bleeding, septic shock, renal failure, and stroke, were associated with increased attributable mortality in all or almost all age groups, while others, such as pneumonia and urinary tract infections, were only increased in the elderly (Figures 1-2) . Figure 1 displays the adjusted odds ratio for mortality in varying age groups but, importantly, does not account for Figure 2 displays these same data but uses the attributable mortality instead of the adjusted odds ratio, thereby showing the effect of both the odds ratio and the frequency of the occurrence.
When grouped by organ system, infectious complications, including pneumonia, accounted for the largest share of attributable mortality in the study population of 9255 deaths (n = 635; 6.9%) followed respiratory (n = 528; 5.7%) and bleeding (n = 441; 4.8%; Table 3 ).
When taking age and life expectancy into account using Centers for Disease Control and Prevention life table data, unplanned intubation (5397 years), bleeding (4876 years), and septic shock (2202 years) were associated with the greatest number of years of life lost (Table 4) .
DISCUSSION
Using the ACS-NSQIP database, a large, heterogeneous national dataset of 1.2 million surgical patients, we have defined the 30-day postoperative mortality rate associated with multiple postoperative complications, grouped by age. We found that many deaths can be attributed to an individual complication, and the complications that cause the most attributable mortality vary with age. The remaining deaths were attributable to other factors, such as preexisting comorbidities and type of surgery.
Existing research on mortality after a postoperative complication, also known as failure to rescue, has mostly focused on studying sources of variation between centers and individual surgeons. [23] [24] [25] Only a few studies have attempted to determine the amount of postoperative mortality attributed to individual complications. A recent single-center study of 117 deaths in 7763 patients in Rhode Island found that only respiratory failure, sepsis, and renal failure were significantly associated with failure to rescue and mortality. 26 Our study agrees with that study in finding that those complications are among the most common complications associated with death and extends their work by using a much larger database that permitted us the statistical power to find more mortality-associated complications and to calculate the age-related years of life lost for each complication.
Several complications were associated with attributable mortality in all age groups. Unplanned intubation was associated with the largest attributable mortality and the greatest number of years of life lost. We stress that unplanned intubation is largely a marker of underlying conditions or complications, such as hypoxia, deconditioning, multisystem organ dysfunction, and pneumonia. While it is probably the underlying conditions that cause death, 2 recent prospective studies found that, while noninvasive ventilation or highflow nasal cannula oxygen decreased intubation rates, they failed to lower the mortality rate. 27, 28 However, given that unplanned intubation is associated with the greatest number of years of life lost after surgery, further studies on preoperative optimization, intraoperative lung protective ventilation and fluid management, and postoperative respiratory physiotherapy are urgently needed to determine how best to prevent Figure 1 . Heat map of a complication's adjusted odds ratio of mortality, by age group. Each box shows adjusted odds ratio. CVA: stroke. Blank cells did not achieve statistical significance or were not included after variable selection by least absolute shrinkage and selection operator. CVA indicates cerebrovascular accident. postoperative respiratory failure. While studies have shown that prehabilitation decreases the occurrence of postoperative complications, its effect on mortality has not been studied. 29 Similarly, improved perioperative management may decrease attributable mortality from sepsis and renal failure. The risk of perioperative infections can be lowered by correct antibiotic usage and timing, hand hygiene, use of sterile technique for line insertions and administering medications, and, perhaps, regional anesthesia. [30] [31] [32] [33] We found that renal failure was a large contributor to years of life lost. Recent studies have suggested that anesthetic management, in particular, hypotension, even mild, is associated with kidney injury, and that the choice of vasopressor to treat the hypotension is associated with more or less kidney injury. 34, 35 Myocardial infarction was significantly associated with mortality in all age groups except <31 years and 56-60 years. Recent studies have shown that nonclinically apparent myocardial infarction, diagnosed by troponin elevations, is associated with increased mortality. 36, 37 A significant limitation of this study is that it is unknown how frequently patients are screened postoperatively for troponin levels. As this was not common clinical practice in 2012-2013, the years of the data collection, we suspect that routine troponin screening would lead to even more deaths attributable to myocardial infarction. Despite recent guidelines on the preoperative management of patients undergoing noncardiac surgery, controversy remains about how best to treat patients to minimize cardiovascular morbidity and mortality. 38 Interestingly, we only found 22 deaths from either deep vein thrombosis or pulmonary embolism. This may represent the success of perioperative prophylactic anticoagulation in preventing these disorders. Alternatively, this may be due to the failure to recognize pulmonary embolism in otherwise ill patients. 39 Further study is needed on this topic. 40 Certain strengths of this study should be highlighted. We used a large, national database containing data from a wide variety of patient populations and practice settings. Consistent data definitions are used throughout the database, and rigorous standards of data quality are enforced. The ACS-NSQIP database takes steps to limit oversampling of high-volume procedures. Patients are closely followed for 30 postoperative days by trained reviewers to ensure low rates of missing or incomplete data. Our sample size of almost 1.2 million patients allowed for more robust statistical analysis than may have been conducted on singlecenter data, thus improving its generalizability. However, despite this sample size, we may have type II errors and missed rarely occurring complications that were truly associated with increased mortality. Only 2 years of data were used to minimize temporal bias. Analyses were conducted by complication and age group. As increasing age is one of the strongest predictors of mortality, this allowed us to better account for age-related variation in mortality.
The study has several limitations. The study format was retrospective in nature, and definitive causality cannot be established between any complication and mortality. All findings should be considered to represent correlation or association. While temporal trends likely exist and patterns or groupings of complications may be significant contributors to mortality and are worthy of further exploration, they were felt to be outside of the scope of this study. Future studies should build on our study and explore them in greater detail. Importantly, we were unable to differentiate between attributable mortality due to a complication and attributable mortality due to the treatment of that complication. It is possible that some of the attributable mortality of a given complication may represent suboptimal treatment, as treatment regimens are not standardized in the ACS-NSQIP database. While further study is needed to determine optimal treatment of these complications, our study identifies the complications that would most benefit from improved treatment. Another limitation is that, as mortality was only counted if it occurred within 30 days of surgery, later deaths were unknown, and therefore our estimates of mortality attributed to a complication may be low. Finally, while much of the failure to rescue literature has studied how mortality after complication varies by hospital, this was not available in our dataset, and we were unable to add it to our model. Our use of actuarial life expectancy tables to calculate years of life lost among patients in different age groups allowed us to better assess the impact of complications on younger patients. These actuarial tables are derived from the US population as a whole and not a surgical population. The true life expectancy of a surgical population likely differs from the US population. Our experimental methodology allowed for some adjustment for this difference by basing years of life lost estimates on excess mortality 
